Zymomonas mobilis, an ethanol-producing bacterium, possesses the Entner-Doudoroff (E-D) pathway, pyruvate decarboxylase and two alcohol dehydrogenase isoenzymes for the fermentative production of ethanol and carbon dioxide from glucose. Using available kinetic parameters, we have developed a kinetic model that incorporates the enzymic reactions of the E-D pathway, both alcohol dehydrogenases, transport reactions and reactions related to ATP metabolism. After optimizing the reaction parameters within likely physiological limits, the resulting kinetic model was capable of simulating glycolysis in vivo and in cell-free extracts with good agreement with the fluxes and steady-state intermediate concentrations reported in previous experimental studies. In addition, the model is shown to be consistent with experimental results for the coupled response of ATP concentration and glycolytic flux to ATPase inhibition. Metabolic control analysis of the model revealed that the majority of flux control resides not inside, but outside the E-D pathway itself, predominantly in ATP consumption, demonstrating why past attempts to increase the glycolytic flux through overexpression of glycolytic enzymes have been unsuccessful. Co-response analysis indicates how homeostasis of ATP concentrations starts to deteriorate markedly at the highest glycolytic rates. This kinetic model has potential for application in Z. mobilis metabolic engineering and, since there are currently no E-D pathway models available in public databases, it can serve as a basis for the development of models for other micro-organisms possessing this type of glycolytic pathway.
INTRODUCTION
Zymomonas mobilis is a facultatively anaerobic, ethanolproducing bacterium that possesses the Entner-Doudoroff (E-D) pathway, which differs in several respects from glycolysis and the pentose phosphate pathway typical of other organisms. The intrinsically rapid carbohydrate metabolism of Z. mobilis has been studied in great detail during the past decades (Barrow et al., 1984; Osman et al., 1987; De Graaf et al., 1999) and all the enzymes of the E-D pathway have been purified and characterized kinetically (Scopes, 1983 (Scopes, , 1984 (Scopes, , 1985 Scopes et al., 1985; Scopes & Griffiths Smith, 1984 Kinoshita et al., 1985; Pawluk et al., 1986) . Complete genome sequences for various Z. mobilis strains have been reported in recent years, providing the opportunity to compare currently uncharacterized Z. mobilis enzymes with those from different databases (Seo et al., 2005; Kouvelis et al., 2009; Pappas et al., 2011; Desiniotis et al., 2012) . In spite of these diverse studies, this accumulated knowledge has scarcely yet been exploited as the basis for building a comprehensive kinetic model of this key component of Z. mobilis central metabolism. The only recent attempt focused on the aspects of interaction between the engineered nonoxidative part of the pentose phosphate pathway and the native Z. mobilis E-D glycolysis for xylose fermentation, assuming constant intracellular concentrations of the essential metabolic cofactors ADP, ATP, NAD(P) + and NAD(P)H (Altintas et al., 2006) . Whilst such a simplification certainly reduces model complexity, since the E-D pathway itself is a major component of ATP and NAD(P)(H) turnover, this assumption of their constant concentrations significantly limits applicability of the model. In order to investigate interactions between the various ATP consumption reactions and the E-D pathway, a generalized ATP-consuming reaction has been introduced into the E-D (1) glucose facilitator (GF); (2) glucokinase (GK); (3) glucose-6-phosphate dehydrogenase (GPD); (4) 6-phosphogluconolactonase (PGL); (5) 6-phosphogluconate dehydratase (PGD); (6) 2-keto-3-deoxy-6-phosphogluconate aldolase (KDPGA); (7) glyceraldehyde-3-phosphate dehydrogenase (GAPD); (8) 3-phosphoglycerate kinase (PGK); (9) phosphoglycerate mutase (PGM); (10) enolase (ENO); (11) pyruvate kinase (PYK); (12) pyruvate decarboxylase (PDC); (13) alcohol dehydrogenase (ADH); (14) ATP-consuming reactions (ATPcons); (15) adenylate kinase (AK); (16) ethanol export (ETOHexp). Other abbreviations are defined in Table S1 .
Kinetic model of Zymomonas mobilis Entner-Doudoroff pathway R. Rutkis and others model described here. It has previously been proposed that the constitutively high catabolic rate that makes Z. mobilis an outstanding ethanol producer must be complemented by an intrinsic growth-independent, ATP-wasting reaction. This latter might be responsible for the 'uncoupled growth' phenomenon in this bacterium (Jones & Doelle, 1991) . Incorporating adenylate and nicotinamide nucleotide metabolism into a computer model also offers the potential to inform the debate about the details of the role of the organism's respiratory system in aerobic metabolism (Kalnenieks et al., 1993 (Kalnenieks et al., , 2008 Strazdina et al., 2012) .
There is good reason to expect that kinetic modelling of the Z. mobilis E-D pathway could also find application in metabolic engineering of this bacterium. A recently published stoichiometric analysis of Z. mobilis central metabolism revealed several metabolic engineering strategies to obtain high-value products, such as glycerate, succinate and glutamate, and also suggested the possibility of glycerol conversion to ethanol (Pentjuss et al., 2013) . However, analysis of the stoichiometric matrix just uncovers these possibilities, and further in-depth studies of the dynamics and regulation of Z. mobilis central metabolism are required to proceed with metabolic engineering. Indeed, in spite of the recent progress in the molecular biology of Z. mobilis, attempts to optimize metabolic processes by overexpression of intuitively chosen enzymes that are thought to be important for the rate of ethanol formation have led to counterintuitive results, such as a decrease of glycolytic flux (Snoep et al., 1995) . Such reports underline the need for quantitative metabolic control analysis before selection of enzymes that might exert flux control in Z. mobilis; this can be directly achieved by means of kinetic modelling.
Currently, there are also no kinetic models of the E-D pathway in public databases for any other micro-organisms possessing this form of glycolysis. Therefore, our present attempt to use accumulated experimental knowledge for kinetic modelling of the Z. mobilis E-D pathway might be useful for broader applications in microbial metabolic engineering. 
METHODS

Modelling
Characteristics of the system, simplifying assumptions and moiety conservation. The model includes all the enzymes of the E-D pathway, glucose facilitator (GF), alcohol dehydrogenases (ADHs) and a reaction simulating ethanol export (Fig. 1) . As in other glycolytic models, we have lumped all ATP hydrolysing reactions into one general ATP-consuming reaction, whose initial properties are set according to experimental data, taking into account that the membrane-bound F 0 F 1 -type ATPase is responsible for a significant part of ATP turnover in Z. mobilis (Reyes & Scopes, 1991) . We have added the adenylate kinase (AK) reaction to equilibrate the AMP, ADP and ATP pools according to experimental observations.
Glucose-6-phosphate dehydrogenase (GPD) of Z. mobilis acts on both NAD and NADP, but has a higher specific activity with the former (Scopes, 1997) . Since both ADHs (Kinoshita et al., 1985) are specific to NAD(H) rather than NADP(H), we assume that the E-D pathway is turning over NAD rather than NADP. Any activity of GPD with NADP is likely to be coupled with the biosynthetic demands of growth, but this represents only 2 % of the glucose consumption (Swings & De Ley, 1977; Rogers et al., 1982) .
Two moiety-conservation relationships can be computed from the stoichiometry matrix of this set of reactions: one attributable to adenine nucleotides and the other to the nicotinamide nucleotide pool. The moiety-conserved sum is assigned on the basis of experimental observations. According to earlier reports, the ATP content of the cell, depending on the growth medium used, is maintained between 900 and 3600 mM, and it remains constant during the exponential phase in the range 1200-1500 mM (Lazdunski & Belaich, 1972) . These values are in good agreement with data obtained later, where maximal concentrations of AMP, ADP and ATP were estimated to be 1500-2000 mM, with the ATP/ADP ratio near 1, by the 18th hour of fermentation (Osman et al., 1987) . Therefore we have assumed the following total adenylate moiety:
Adenylate charge (Atkinson, 1968 ) is calculated as (ATP+K ADP)/ 3500 and is used for comparison of the adenine nucleotide status with experiments where the total adenylate concentration may have been different.
In the case of the nicotinamide conservation, we have assumed that NAD(H) makes up most of the 4500 mM intracellular NAD(P)(H) pool, detected in Z. mobilis by NMR, without taking into account NADP(H) (De Graaf et al. 1999) . Hence:
For steady state modelling, we maintained constant extracellular glucose and ethanol concentrations with respective values of 140 000 mM and 1000 mM. In time-course simulations, glucose and ethanol were variables of the model, simulated as a closed system.
Enzyme kinetics. The rate equations for the individual enzymic reactions are presented together with the transport reactions in Table  1 . The numbers of these equations correspond with those depicted in Fig. 1 . All the equations were modelled according to the available literature data on Z. mobilis enzyme kinetics using generic, reversible rate equations (see Appendix), with the exception of GPD, where we directly fitted experimental observations (Scopes, 1997) to the universal rate equation for systems biology (Rohwer et al., 2007) . (Barrow et al., 1984; Osman et al., 1987) . Metabolite concentrations were determined from spectra of extracts prepared 3-4 min after addition of glucose to cell suspensions, which correspond to quasi steady-state concentrations (Strohhäcker et al., 1993) . Initial values of the maximum velocities (V f ) were derived from the data of the 18th hour of batch fermentation (Osman et al., 1987) . This was chosen to ensure that the intermediate concentrations and V f values used correspond roughly to the same physiological condition of the cells, where, according to 31 P NMR studies, specific glucose uptake rate slightly exceeds 5 g g 21 h 21 (De Graaf et al., 1999), which we used as the target value of glycolytic flux for parameter optimization. This value is also in good agreement with earlier reports, where Z. mobilis was likewise grown in 31 P NMR experiments on 10 % glucose anaerobically (Rogers et al., 1979) .
According to previous reports, most of the enzymes from the E-D pathway change their activity up to fivefold during batch fermentation; therefore, the upper and lower boundaries of V f values that we set for each reaction during parameter optimization was a factor of five above and below the initial value (Osman et al., 1987) . Km(i) values, which have been assumed or obtained from other databases attributable to other micro-organisms, were optimized within a factor of three above and below the initial value. Parameter optimization was also carried out using COPASI software using various optimization algorithms.
Quantifying the flux control. The control of a particular enzyme, i, on a glycolytic flux under steady-state conditions is defined by flux control coefficient C i J expressed as a percentage:
in which v i is the rate of enzyme i, J is a steady-state pathway flux (Kacser & Burns, 1973; Fell, 1992) . The flux control coefficients of enzymes and transporters were calculated by COPASI and the results obtained always obeyed the summation theorem (Kacser & Burns, 1973) : (4) in which the summation is over all n enzymes in the model.
The effect of changing the activity (amount) of a single enzyme on the pathway flux was determined according to Small & Kacser (1993) :
R. Rutkis and others (5) in which f is the fold flux increase value and r is the fold increase of the enzyme activity.
Quantifying ATP homeostasis. Changes in an enzyme activity affect metabolite concentrations as well as fluxes and the concentration control coefficient quantifies the magnitude of this effect on a metabolite. It is defined in the same way as for the flux control coefficient. Thus, for metabolite S j , the concentration control coefficient with respect to enzyme i is:
The extent to which metabolite concentrations can be maintained relatively constant as fluxes change is a measure of metabolic homeostasis (Hofmeyr et al., 1993; Cornish-Bowden & Hofmeyr, 1994; Thomas & Fell, 1996 . This can be quantified by the ratio of the metabolite's concentration control coefficient to the flux control coefficient of the same enzyme, which has been defined as the co-response coefficient (Hofmeyr et al., 1993; Cornish-Bowden & Hofmeyr, 1994) . Thus, for metabolite S j, flux J and enzyme i as defined in equations 3 and 6:
The final term in the above equation results from the terms h ln v i and the scaling factor 100 cancelling from the equation. This is useful since it is not necessary to know the change in enzyme activity used to perturb the system in order to calculate the co-response coefficient from simultaneous measurements of metabolite concentration and flux, provided that the perturbation is produced by modulation of a single enzyme, i. This contrasts with experimental determinations of flux and concentration control coefficients, which do require a measure of the enzyme activity change involved. Hence the coresponse coefficient may be obtained from the slope of a log-log graph of concentration against flux. Alternatively, for a small enough perturbation, the co-response coefficient may be approximated from the difference between adjacent points as:
In this paper, we determine the ATP : J glycolysis co-response coefficient with respect to ATPase, i.e. V ATP:Jglycolysis ATPase in this way.
Experimental
Bacterial strains. Bacterial strains Z. mobilis ATCC 29191 (Zm6) and its mutant derivatives Zm6-cytB and Zm6-cydB used in the present study were maintained and cultivated as described previously (Strazdina et al., 2012) .
Preparation of non-growing cell suspensions. For the preparation of non-growing cell suspension, cells were harvested at late exponential phase, sedimented, washed and resuspended in 100 mM potassium phosphate buffer (pH 6.9), containing 2 mM magnesium sulfate, to a biomass concentration of 6.8-7.0 g (dry weight) l
21
.
Biochemical analyses. Samples for ATP determination were quenched in ice-cold 10 % trichloroacetic acid and assayed by the standard luciferin-luciferase method using an LKB Wallac 1251 Luminometer. Glucose concentration was measured by HPLC (Agilent 1100 series), using a Bio-Rad Aminex HPX-87H column.
RESULTS AND DISCUSSION
Initial model validation
In order to evaluate the model, the first question we addressed was whether the optimized E-D model is capable of reproducing glycolytic fluxes comparable to those reported earlier for Z. mobilis. The final version of our optimized model (hereafter -the optimized model) gave a specific glucose uptake rate of 4.9 g g 21 h
21
, close to our target. Evaluation of the difference between initial (Osman et al., 1987) and optimized V f values (Table 2) revealed that, for the majority of enzymes, these remained within a factor of three of the starting estimate and lie within the range of values reported across batch fermentation. V f initial values used for parameter optimization for the majority of enzymes rose during optimization and came closer to values in French-press extracts reported earlier . The calculated intermediate metabolite concentrations under steady conditions (Table  3) , apart from phosphoenolpyruvate (PEP), were close to the NMR values within a factor of 1.5. The low PEP concentration predicted by the model is consistent with earlier reports that also suggest very low PEP intracellular levels . Also the adenylate charge obtained (0.65) was consistent with experimental observations by .
Simulation of glycolysis in cell-free extracts
To investigate whether the resulting model is able to simulate experiments other than those used for acquisition of initial parameters, we have carried out in silico simulation of earlier analyses of glycolysis in Z. mobilis . First of all, by inserting reported E-D pathway enzyme activities in French-press extracts into the optimized model, we aimed to reproduce glycolysis in situ. Since Algar & Scopes did not report the activity for 6-phosphogluconolactonase, we have used our optimized value for this reaction. Also, phosphoglycerate kinase was assayed in the reverse direction and therefore the physiological activity for this reaction was calculated by using the Haldane relationship for multi-substrate reactions (Bisswanger, 2002) . With these new enzyme activities, the model also reached steady state with a glycolytic flux in the model corresponding to an in situ rate of 5.2 g g 21 h
21
. This is in the range of the optimized model and earlier observations, where Z. mobilis was grown on different initial glucose concentrations with reported specific glucose uptake rates slightly below 5.5 g g 21 h 21 (Rogers et al., 1979) . Since specific glucose uptake and ATP consumption rates of the cells from which the extracts were obtained were not reported by , and our assumed values may slightly differ from those present in situ, further model validation was necessary in order to use it for any predictions. Therefore, we undertook a more detailed examination of the optimized model by simulating consumption of 1 M glucose in cell-free extracts reported in the same study . As in the in vitro experiments, we set the initial glucokinase (GK) activity to between 250 and 330 mmol l 21 s 21 (300 mmol l 21 s
) and proportionally estimated activities for all other enzymes on the basis of previous assumptions and values reported in French-press extracts ( Table S2 ). The total activity of the ADH reaction given by was proportionally distributed between both ADH isoenzymes according to the optimized model. ATP consumption activity was set to that used in the cell-free extracts as externally added enzyme -200 mmol l 21 s 21 . In order to simulate cell-free conditions, both transport reactions were eliminated from the model, and lastly, since initial concentrations for E-D pathway metabolites were not reported by , we assumed those according to steady-state concentrations reported for the optimized model (Table 3) . Remarkably, the glycolytic flux obtained in silico was very similar to that in the in vitro experiment (Table 4 ) and the main difference was the lack of intermediate accumulation which occurred to substantial levels in the experiments. Since metabolite concentrations are much more sensitive to changes in enzyme activity than fluxes, a plausible explanation for the accumulation of intermediates in the in vitro experiments might be enzyme denaturation during the time-course resulting in a 'drift' in the steady state, whereas the model simulations assume the enzymes are stable and all remain at their initial levels.
Most importantly, in our in silico simulation, the intermediate concentrations obtained were reasonably close to those reported in 31 P NMR studies, indicating that computational simulations of the E-D pathway in cell-free extracts reliably simulate the situation in situ (Barrow et al., 1984) . Therefore, one can speculate that there is no specific 'metabolite tunelling' required for the E-D pathway to proceed, and rather that Z. mobilis, in respect to its central glycolytic pathway, can be adequately described as a 'bag of enzymes'.
As demonstrated in other experiments with Z. mobilis cellfree extracts, ATPase activity should match closely glucose consumption, and insufficient ATP consumption leads to accumulation of intermediates such as glucose 6-phosphate . To examine whether this feature can be observed in silico, we undertook a series of simulations where, on varying the rate of ATP consumption, we monitored the concentration of glucose 6-phosphate. Indeed, reduction of generalized ATPase activity in the model by 25 % caused accumulation of glucose 6-phosphate to 27 mM and decline of the glycolytic flux by 12 % 60 min after glucose addition. Apart from the fact that this qualitatively resembles the observations in the in vitro experiments , it indicates the control of the glycolytic flux by ATP consumption. To examine this hypothesis in greater detail, *ATP, ADP and AMP concentrations are assumed according to A(X)P moiety conservation.
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we carried out a metabolic control analysis investigation using both the initial model and the model simulating glycolysis in cell-free extracts.
Control of glycolytic flux under steady-state conditions
We carried out metabolic control analysis (MCA) for both the optimized model and the model simulating glycolysis in cell-free extracts. The generalized ATP-consuming reaction exerted a major control over glycolytic flux with C J i values of 36 and 71 % for the optimized and cell-free extract models, respectively. To extend this finding, we also included in the MCA an optimized model with the activity of the generalized ATP-consuming reaction reduced by 15 % (Table 5) . As in the experimental cell-free extracts , a decrease of generalized ATPase activity resulted in an increase of glucose 6-phosphate steady-state concentration to 16 mM and further reduction of glycolytic flux by almost 10 % (Table 5 ). In general, the MCA suggested that the ATP-consuming reaction exerts major control over glycolytic flux and, counterintuitively, revealed a negative flux control coefficient for the GK reaction. This result strongly resembles previous experimental observations with Escherichia coli, suggesting that the majority of flux control (.75 %) resides not inside but outside the glycolytic pathway, i.e. with the enzymes that hydrolyse ATP (Koebmann et al., 2002) . This allowed us to speculate that anabolic reactions, in combination with ATP dissipation by F 0 F 1 -ATPase, control the glycolytic flux also during the 'uncoupled growth' of Z. mobilis when glycolytic flux attains its maximum. [Note that Reyes & Scopes (1991) calculate that F 0 F 1 -ATPase may contribute over 20 % of the total intracellular ATP turnover.] This is indirectly supported by experiments showing that inhibition of H + -dependent ATPase results in decline of glycolytic flux and increase of Z. mobilis growth yields, suggesting the competition between anabolic and ATPdissipating reactions (Rutkis and others, unpublished). Flamholz et al. (2013) proposed that generally the E-D pathway is favoured by microbes that rely largely on other sources of ATP, so that its lower yield relative to the EMP is insignificant compared with the saving in protein investment in enzymes that they propose arises because of the greater thermodynamic driving force per step. They noted, however, that Z. mobilis is an exception as it does not have an additional major source of ATP.
Metabolic control analysis also demonstrates why attempts in the past to increase the glycolytic flux in Z. mobilis through overexpression of glycolytic enzymes have been unsuccessful. Negligible flux control coefficients for the majority of the E-D pathway reactions (Table 5) partly explain why overexpression of a few intuitively chosen enzymes has not resulted in the increase of glycolytic flux (Arfman et al., 1992; Snoep et al., 1995) . According to MCA, only the pyruvate decarboxylase (PDC) reaction exerts substantial control with C J i values reaching 27 % in the optimized model. Based on the flux control coefficients we Table 4 . Time-course of metabolite levels (in mM) in cell-free extracts after addition of 1.0 M glucose X Data from cell-free experiments by ; e model simulation. For definitions of intermediates, see Table S1 . obtain, and earlier reported enzyme activities in recombinant strains (Snoep et al., 1995) , we have used equation 5 to calculate the anticipated effects of glyceraldehyde-3-phosphate dehydrogenase (GAPD), 3-phosphoglycerate kinase (PGK), phosphoglycerate mutase (PGM), ADH I, ADH II and PDC overexpression on glycolytic flux in the E-D pathway and compared this to values calculated from experimental data ( Table 6 ). As was observed experimentally, for all enzymes with the exception of PDC, the calculations suggested little or no increase of glycolytic flux in recombinant strains without addition of IPTG, when enzyme activity was increased just a few times. The significantly higher flux control coefficient for the PDC reaction suggested that overexpression of this enzyme more than threefold may lead to an increase of glycolytic flux of almost 23 %. However, such an increase was not observed experimentally; further, experimental observations revealed that a more than 10-fold increase of enzyme activity after addition of 2 mM IPTG slowed down glycolysis by up to 25 %. Given our calculations, this indirectly confirms earlier suggestions that the protein burden effect indeed might be a serious side effect of overexpression of enzymes possessing little or no control over the flux in the E-D pathway. However, in Z. mobilis, enzymes involved in fermentation compose as much as 50 % of total protein , so the protein burden effect might not be as pronounced in other micro-organisms where wild-type levels of E-D pathway enzymes are not so great. Nevertheless, according to equation 3, simultaneous overexpression of PDC, enolase (ENO) and PGM below the protein burden threshold has the potential to increase the glycolytic flux up to 25 % (6.6 g g 21 h
21
). This clearly demonstrates that the optimized model could serve to develop efficient metabolic engineering strategies for Z. mobilis in spite of the protein burden effect. Note also that the EMP pathway (Embden Meyerhof Parnas pathway) could not generate an equivalent glycolytic flux in Z. mobilis according to the calculations of Flamholz et al. (2013) , which suggest that the EMP pathway would need not less than 3.5 times the protein investment for the same flux, which would be infeasible given the 50 % of cell protein already devoted to the E-D pathway.
Co-response analysis and experimental validation
We have recently made measurements of the response of ATP concentration and glycolytic flux to inhibition of ATPase by dicyclohexylcarbodiimide in wild-type Z. mobilis and two respiratory chain mutants, cytB and cydB (Rutkis and others, unpublished). The measurements have been used in neither the construction of the model nor parameter estimation. They allow calculation of the ATP : glycolytic flux co-response coefficient with respect to ATPase using equation 8, as shown in Table S3 . The same co-response coefficient can be calculated from the model by simulating it with different levels of ATPase DOptimized model. dSimulation of the cell-free experiment by .
R. Rutkis and others activity. The experimental and simulated values are shown in Fig. 2 , plotted against the glycolytic flux.
The results show that the model correctly captures the relationship between ATP concentration and glycolytic flux for both wild-type and respiratory mutant strains, and also implies that the respiratory deletions have not affected the regulatory pattern of the E-D pathway and catabolic ATP yield per unit of consumed glucose. At the highest glycolytic flux considered (about 4.6 g g 21 h
21
, ln value 1.53), the coresponse coefficient is approximately 24.0. This shows that at this point, ATP homeostasis is poor, since a 1 % increase in glycolytic flux would be associated with a 4 % decrease in ATP concentration. At a flux of about 3.9 g g 21 h
, the coresponse coefficient is smaller in magnitude, close to 21.0, where a 1 % increase in glycolytic flux is linked to a 1 % decrease in ATP concentration. At the lowest glycolytic flux obtained with the lowest ATPase activities (3.0 g g 21 h
, ln value 1.1), the co-response coefficient is about 20.23, so that ATP homeostasis is much improved in that it takes a 4 % change in glycolytic flux to produce a 1 % change in ATP concentration in the opposite direction.
CONCLUSIONS
In this study, by using available kinetic parameters, we have developed an in silico model of the Z. mobilis E-D pathway that also incorporates both ADHs, transport reactions and reactions related to ATP metabolism. Even though parameters of the rate equations were optimized with respect to a single set of conditions, the resulting kinetic model was able to achieve good agreement with previous experimental studies both in situ and in vitro. The analysis suggests that Snoep et al. (1995) . Kinetic model of Zymomonas mobilis Entner-Doudoroff pathway the central glycolytic pathway of Z. mobilis can be adequately described as a 'bag of enzymes' and there is no a priori need to invoke 'metabolite channelling' to explain its properties.
MCA analysis revealed that the majority of flux control resides not inside, but outside the E-D pathway. That strongly suggests the need to look for more complex solutions to increasing the glycolytic flux than overexpression of certain E-D pathway enzyme(s). Since the ATPconsuming reactions exerted a major control over the flux in the E-D pathway, their increase, within physiological capacity, making growth more uncoupled, might serve as the appropriate strategy to increase the glycolytic flux in Z. mobilis. However, the co-response analysis indicates that cellular ATP homeostasis declines to a critical degree.
On a broader perspective, many other bacteria use the E-D pathway, and this new model may act as a template for simulating their metabolism.
